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The frequency spectrum is a necessary resource for the proper functioning of wireless devices. With the 
unprecedented rise of wireless devices available to the public comes inevitable congestion in the 
frequency spectrum. As this congestion is increasing, there is a pressing need to investigate ways to 
implement spectrum sharing, which is the idea that multiple wireless devices can use the same part of 
the spectrum as long as certain conditions are met. Since spectrum sharing may lead to interference, it 
is imperative to study those factors which contribute to interference, when interference becomes 
harmful, and how we can mitigate the effects of interference to have a more robust channel. 
This research focuses on exposing the ways in which antenna radiation parameters like radiation pattern 
and polarization variability can be used to reduce interference. The pattern changing capabilities of a 
null steering antenna are studied from the perspective of reducing interference in an indoor 
environment. For this, a reconfigurable null steering antenna was simulated and fabricated. The field 
distribution from this antenna was simulated in a two room setting to gauge the effects of multipath on 
the electric field distribution of the antenna. In addition, a pseudo-indoor setup was designed by 
introducing metallic perturbations in a free space environment. The effect of the multipath created by 
the obstructions in the environment was manifested in the form of the change in depth of the null in the 
radiation pattern of the antenna. While the null of the antenna did not seem to be as effective in a 
multipath, indoor setting as compared to the free space scenario, the power in the direction of the null 
was still less than the power away from the null. Hence, antenna features like beam steering, null 
steering, and pattern and polarization reconfigurability may be used as tools to reduce interference in 
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The number of wireless devices has been on the rise. According to [1], the number of wireless subscriber 
connections in the United States increased from 207.9 million in 2005 to 377.9 million in 2015. As this 
number increases, devices continuously look for space on the electromagnetic spectrum to transmit 
information. Certain channels are more sought after than others. Low frequencies pose challenges 
because of large wavelength, conflicting with the trend of smaller handheld devices. Higher frequencies 
incur associated losses such as skin effect and higher attenuation for a given distance travelled. While 
there is a push to go higher in frequency, currently ultra-high frequencies (300 MHz to 3 GHz) are very 
popular with RF engineers for multiple applications including cellular, Bluetooth, Wi-Fi and GPS. This has 
led to a congestion of the spectrum.  
One of the proposed solutions discussed in [2] is to use the spectrum efficiently by promoting spectrum 
sharing, which is the idea that a licensed user (primary user) and unlicensed user (secondary user) can 
both use the licensed spectrum as long as it can be ensured that the primary user will not suffer from 
disruption of service because of the secondary user. Spectrum sharing between primary and secondary 
users can be done using a cognitive radio in two distinct ways. Before we introduce those ways, it is 
important to understand the term white spaces. White spaces are parts of the spectrum that are not 
being currently used [2]. Many factors may contribute to the presence of white spaces in the spectrum. 
Among those are operating systems whose average usage of a band is much smaller than the peak 
usage of that band, non-ideal receiver limitations, and the fact that the need for the spectrum is not 
uniformly spread, that is, some bands have more traffic than the others [3]. 
As mentioned before, there are two ways in which spectrum sharing can be implemented. The first 
mode of operation is called interweave mode, where the secondary user is responsible for continuously 
sensing the spectrum for available white spaces. Once these white spaces are identified, the secondary 
user can start transmitting on those white space channels. While using the primary user’s channel, the 
secondary user should constantly check the spectrum for the reappearance of the primary user on the 
band of interest. If the secondary user does sense the presence of the primary user on the channel, they 
must promptly move to a different band to prevent any form of disruption to the primary user’s signal.  
The second mode is called underlay mode. In the underlay case, the primary user and the secondary 
user can use the same frequency band simultaneously, but there are power constraints on the 
secondary user to ensure that it does not significantly interfere with the primary user’s signal. In case 
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the primary user cannot tolerate any interference, then the secondary user must occupy a different 
band [2]. Both the scenarios are depicted in figure 1, where the power spectral density is plotted versus 
frequency and the white spaces represent the bands that are not occupied.  
 
 
Figure 1 Interweave and underlay modes for spectrum sharing 
 
Irrespective of which one of the above two modes is used in a given radio, there is a possibility of 
interference disrupting the primary user’s signal. Co-channel interference is the interference that is 
caused when multiple users occupy the same frequency bands. It cannot be reduced by increasing the 
signal strength of the primary user, because that will degrade reception for the secondary user. Adjacent 
channel interference stems from the signal in the band adjacent to the band of interest and can 
sometimes be attributed to imperfect filters in the receiver that may not completely isolate the desired 
signal from adjacent ones [4]. For the interweave mode, one may anticipate co-channel interference, 
whereas for the underlay mode both co-channel and adjacent channel interference can be expected.    
While interference seems to be an inevitable byproduct of spectrum sharing, the current definition of 
harmful interference does not provide a concrete metric to quantify harmful interference. The 
International Telecommunication Union defines harmful interference as “interference which endangers 
the functioning of a radionavigation service or of other safety services or seriously degrades, obstructs 
or repeatedly interrupts a radiocommunication service operating in accordance with [the ITU] Radio 
Regulations” [5]. The definition leaves room for interpretation and does not provide tangible constraints 
on the unlicensed devices. The ambiguity around the specification of interference could lead to lower 
investment of time and capital in spectrum sharing technologies. In this situation, it is imperative to look 
for ways in which one can quantify interference [6].    
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Since there is ambiguity around what may or may not be considered harmful interference, it is worth 
investigating how antenna properties such as antenna pattern reconfigurability, polarization and change 
in transmit power can be used to reduce any form of interference that may be caused due to the 
presence of a secondary user on the primary user’s channel on the spectrum. 
Brown developed an interference model in [6] that can be used to quantify interference in a given 
environment. This model accounts for multiple communication link factors such as the pathloss 
exponent, shadow fading, distance between the transmitters and receivers, and antenna gains. This 
thesis focuses on the way antenna parameters have been treated in this model and proposes a more 
explicit inclusion of these parameters in the interference model.  Furthermore, it analyzes the 
effectiveness with which these parameters, such as antenna gain pattern and null steering, can be used 
to reduce interference between an unlicensed transmitter and the receiver of a licensed user in an 
indoor setting.  
A review of the interference model is given Chapter 2, which also includes a brief discussion of antenna 
gain, polarization and the Friis transmission equation. To investigate the ways in which pattern 
reconfigurability can be employed to reduce interference, three antennas were modelled in Ansys HFSS 
(High Frequency Structure Simulator). The designs of these antennas and the simulation results are 
presented in Chapter 3. An indoor propagation study was carried out in Ansys Savant wherein the 
performance of these antennas was examined in a two-room simulation setup as well as in a free-space 
setup where perturbations were introduced in the environment. The specifics of the two models and the 
results of these simulations are a part of Chapter 3. In Chapter 4, the fabrication technique of the 
antennas and the comparison between the simulated and measured results are detailed. In addition, the 
indoor propagation free-space setup constructed in an anechoic chamber is presented. Measurements 
were done to evaluate the robustness of the null steering technique to avoid interference in a pseudo-
indoor scenario. The results and their analysis are included in Chapter 4. Finally, the conclusion 





The need for a model to elucidate challenges and benefits of participating in spectrum sharing is clear. 
One such model, which formed the foundation of the work performed for this project, was introduced in 
[6] and is discussed in detail in subsection 2.1.   
2.1 Interference Model 
In [6], Brown suggested that the effect of interferers can be quantified using the concept of outages. An 
outage is an event during which a licensed device suffers significant disruption of service. He further 
proposed an interference model that would help primary and secondary users to calculate the expected 
fraction of licensed devices that might suffer an outage because of the operation of unlicensed devices 
in a coverage area given by A. This area is considered to be a large metropolitan or rural area, and it is 
assumed that there is a dense deployment of unlicensed devices in this area. In order to specify the 
model, Brown made certain assumptions about the operating environment and the communication 
channel.  
2.1.1 Assumptions 
The assumptions for the interference model given in [6] are as follows: 
• Only two-dimensional cases were considered. 
• The power received at the licensed device by the interferer is given by (2.1), where gUL is the 
gain of the unlicensed antenna, gL is the gain of the licensed antenna, PUL is the power radiated 
by the unlicensed transmitter, Sint is the term which accounts for shadow fading, Kint is a 
constant related to the system losses, r is the distance between the transmitter and the receiver 






 The power received by the licensed receiver from the licensed transmitter is given by (2.2), 
where Ksig accounts for the constants in the equation like the gains of the antennas, losses in the 
system and power transmitted, Ssig is the shadow fading experienced by the desired signal, R is 
the distance between the licensed receiver and licensed transmitter and a is the pathloss 








 If the signal-to-interference ratio is less than T, as given in (2.3), then the licensed device is 
supposed to have gone through an outage. This threshold T depends on multiple factors and 





 The shadow fading S and its standard deviation σ are considered to have a log-normal 
distribution for the interferer and the desired signal. 
 The licensed and the unlicensed devices are supposed to have been uniformly distributed over 
the coverage area, which is given by the area of a circle with radius equal to RB. This implies that 
the probability that a licensed device is present within a radius R from the center of the circle is 






 If a device is not turned on, then it can neither cause an outage nor experience one. 
 The antennas are assumed to have uniform random azimuth orientation, unless specified 
differently. 
2.1.2 Model Formula and Interpretation  
Using the above assumptions, the interference model was presented in [6]. The model formulated 
interference in terms of the fraction of licensed devices that may suffer outage because of the operation 








For definition of the terms, refer to table 1. In the above expression, the factors can be separated into 
two groups. The first group consists of the factors that can be controlled by the licensed device users 
(GL, M and A) and the second group includes factors that may be controlled by the unlicensed device 
users (rmin, NUL, E, C, P, GUL). The factors in the first group are essentially licensed device parameters. GL 
accounts for the gain of the licensed device and is given by (2.6). GL is the licensed device gain that can 
be expected to be observed in the azimuthal plane. It must be noted that GL is normalized using the 
maximum value of GL and will always be less than or equal to 1. M comprises of the model constants as 
given in (2.7) and A is the area under consideration.  
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Table 1   Meaning of Variables in the Interference Model 
Interference Model 
Term Meaning 
F Fraction of licensed devices experiencing outage 
GL Gain factor (licensed device) 
M Modal constant term 
A Coverage area 
rmin Minimum separation between devices 
NUL Number of unlicensed devices 
C Co-channel/Adjacent channel factor 
GUL Gain factor (unlicensed device) 
E Eligibility to cause or suffer an outage 

























The parameters in the second group have the following definitions: rmin is the minimum distance 
between the unlicensed transmitter and licensed receiver such that if it is reduced further, there would 
be interference at the licensed receiver; see figure 2. It must be noted that rmin is measured in the worst 
case situation, that is, with the licensed device close to the boundary of coverage area, the antennas of 
the unlicensed and licensed devices pointing at each other and the unlicensed device transmitting at the 
maximum power. NUL refers to the number of unlicensed devices in the area, A. E is the fraction of 
devices that are turned on and hence can cause or suffer from interference as given in (2.8), where FONUL 
is the fraction of unlicensed devices that are on, FONL is the fraction of licensed devices that are on and 
FBC is the fraction of licensed devices that use the service through a wireless channel rather than a wired 
channel (for example, cable TV). 
 
Figure 2 Description of rmin 
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                   𝐸 = 𝐹𝑂𝑁𝑈𝐿𝐹𝑂𝑁𝐿𝐹𝐵𝐶  (2.8) 
  
The remaining three factors are related to the unlicensed device user’s antenna parameters. GUL is the 
gain factor term for the unlicensed devices and is given by (2.9). In order to calculate GUL, the expected 
value of gain from the unlicensed device was computed and was normalized using the maximum value 
of GUL. The power control on the unlicensed device has a power distribution of PPUL. When the expected 
value of power is calculated using this distribution and normalized using the maximum power the 
unlicensed device can have, we end up with P. An expression for it is given in (2.10). Lastly, C represents 
the system’s ability to transmit at a frequency different from that of the frequency of the licensed user. 
It is given by (2.11), where pi is the probability that the unlicensed device using the N+i channel, Ti/Ts 
gives the value of how much the power threshold Ti should exceed Ts, which is the threshold when the 
devices are operating on the same channel. Because of normalization P, GUL, GL are less than or equal to 















































2.2 Relevant Antenna Parameters 
The parameters described in the previous section overlook certain intricacies of antenna characteristics. 
The parameters: 
 Use the expected value of gain and power instead of actual value of gain itself in the azimuthal 
plane and of power. Taking the expected values prevents us from using features like nulls in an 
antenna gain pattern to not transmit in a given direction.  




 Do not take polarization mismatch into account explicitly. It must be noted that polarization 
mismatch may manifest itself in rmin, but it is an important antenna parameter that should be 
investigated to find out ways in which it can be manipulated to mitigate interference. 
Before discussing how one can use the aforementioned antenna parameters to reduce interference, it is 
important to understand their physical interpretations and their role in the power received by a given 
device.   
2.2.1 Antenna Gain 
The gain of an antenna is given by (2.12), where Um is the radiation intensity in a particular direction and 
Uave is the average radiation intensity. Essentially, the directivity of an antenna is a function of (θ, 𝜙) 
such that it tells us how much power is being radiated in that particular (θ, 𝜙) direction [7]. An antenna 
with high directivity will radiate a lot more power in one direction than in others. An antenna with low 
directivity, like an isotropic radiator, will tend to radiate power in all directions more evenly than a 







The gain of an antenna is related to its directivity as given in (2.13) where er is the radiation efficiency of 
the antenna, that is, the ratio of the power radiated by the antenna P to the input power of the antenna 
Pin, see (2.14) [7]. 








The following figures show the radiation patterns of a variety of antennas. Figure 3 is the radiation 
pattern of a monopole whereas figures 4 and 5 show the radiation pattern from a dual-band PIFA 
designed to operate at 2.4 GHz and 5 GHz [8]. This means that the structure in [8] is not only capable of 
operating at multiple frequencies, but also, has unique radiation patterns at those frequencies. Such 
diversity of the antenna pattern can be used to reduce interference in a given direction, provided the 






Figure 3 Radiation pattern of a monopole at f=1.7675 GHz 
 
 





Figure 5 Radiation pattern of a PIFA adapted from [8] at f=5 GHz 
 
2.2.2 Antenna Polarization  
The polarization of an antenna is the polarization of the wave emanating from it [7]. It is a manifestation 
of the current distribution on the structure of the antenna. The polarization of an antenna could be 
linear, circular or elliptical. Linear polarization implies that the electric field vector is oscillating only in 
one direction. In circular polarization, the field components are in two directions, orthogonal to each 
other, equal in magnitude and phase offset by 90⁰. Lastly, in case of elliptical polarization the field 
components could be of unequal magnitude and have arbitrary direction and difference in phase. When 
the polarization of an impinging wave matches that of the receiver antenna, the antenna and the wave 
are called co-polarized. On the other hand, the antenna and the wave are said to be cross-polarized if 
the wave’s polarization is completely opposite to that of the antenna. For example, if the impinging field 
is vertically polarized and the receiving antenna is horizontally polarized, then wave and the antenna are 
cross-polarized [7]. Antenna polarization plays a pivotal role in determining how much power will be 
received by a given antenna.  
2.2.3 Friis Transmission Equation 
Interference is a result of excess power received from an unintended source of radio frequency (RF) 
energy. When looking for ways to mitigate interference, it is helpful to know how much power can be 
expected from a certain transmitter at a given receiver. One such relation between system, 
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environmental factors and the power received is given by the Friis transmission equation. Both antenna 
gain and polarization mismatch are accommodated in (2.15) [7]. Table 2 lists the various factors in the 
equation and their physical meaning.  This equation serves as a channel characterization equation for a 
line-of-sight scenario in free space. Therefore, while the Friis transmission equation is great tool for 
understanding line-of-sight propagation, it is limited in its scope when applied to propagation indoors, 
where the environment is more complicated and riddled with multiple reflections and transmission. 








Table 2   Meaning of variables in Friis Transmission Equation 
Friis Transmission Equation 
Term Meaning 
Pd Power delivered to the receiver 
Pt Power transmitted 
Gt (θ,𝜙) Gain of transmitter antenna in (θ,𝜙) direction 
Gr (θ,𝜙) Gain of receiver antenna in (θ,𝜙) direction 
λ Wavelength 
p Polarization mismatch factor 
q Impedance mismatch factor 
R Distance between the transmitter and receiver 
 
2.3 Antenna Reconfigurability 
According to [9] reconfigurability can be interpreted as the ability of an antenna to change its 
fundamental operating characteristics. Antenna reconfigurability can be implemented using electrical 
and mechanical mechanisms. Reconfigurability can take multiple forms; that is, in order to be 
reconfigurable an antenna may change its frequency of operation, bandwidth, radiation pattern, and 
polarization. Antenna reconfigurability can be useful because it can help an unlicensed transmitter to 
change its frequency of operation or radiation pattern to avoid interfering with the licensed device’s 
signal. For this thesis a pattern reconfigurable null steering antenna was studied to gauge the 





3. Indoor Simulation Setup 
In [6], Brown’s model made an assumption about the coverage area.  It considered a two-dimensional 
case in a large metropolitan setting. To extend his work in this thesis, three-dimensional indoor 
propagation is considered. The focus is on how antenna parameters change indoors versus in line of 
sight and how we can use these parameters to reduce indoor interference. The simulations were 
performed in Ansys High Frequency Structure Simulator and Ansys Savant. First, the antennas used for 
the simulation will be discussed, followed by the description of the two-room setup and anechoic 
chamber simulation setup, along with their respective simulation results.  
3.1 Antennas Used in Simulation 
Four antennas were used in simulations: Half-wave dipole, monopole with small ground plane, 
monopole with large ground plane and a three-dimensional reconfigurable null steering antenna 
(RNSA). Three of these antennas (the monopoles and RNSA) were designed in HFSS and their far field 
patterns were imported into Savant. The dipole used in the simulations was already built into the 
software. The frequency of operation was chosen to be 1767.5 MHz, which is the center frequency of 
the band of interest, from 1755 MHz to 1780 MHz. 
3.1.1 Reference Antenna: Half-wave Dipole 
The half-wave dipole is supposed to operate at 1767.5MHz. The dipole was neither simulated in HFSS 
nor fabricated, but it did help in gauging the field distribution in the two-room setup. It provided a 
benchmark against which the simulated antennas (monopoles and RNSA) could be compared. The 
radiation pattern for the dipole is given in figure 6. 
 




3.1.2 Monopole with Small Ground Plane 
A monopole with square ground plane was modelled in HFSS and is shown in figure 7. The length of the 
antenna element was 39.93 mm. The size of the ground place was four-fifths of the wavelength when 
the frequency of operation was 1767.5 MHz; that is, each side of the square was 135.78 mm. This was 
chosen to ensure that the ground plane does not resonate at the frequency of interest. Figures 8-9 show 
the feed structure for the antenna, side view and bottom view. The feed was modelled as a coaxial 
lumped port. The diameter of the inner conductor (which was attached to the monopole wire) was 0.75 
mm. The diameter of the outer conductor was 3.55 mm. The space between the outer conductor and 
the inner conductor was modelled as Teflon with relative permittivity equal to 2.1. It must be noted that 
the outer conductor was modelled by simply assigning a perfect E boundary to the outer surface of 
Teflon and ensuring that this boundary shorts with the ground plane. The feed for all antenna 
simulations in this thesis was simulated as described above, unless specified otherwise.  All of the 
conductive parts were modelled as copper. The simulated three-dimensional polar plot of the gain of 
the antenna is given in figure 10; figure 11 shows the simulated S11 of the structure. From the polar plot, 
one can tell that the gain of the antenna does not look like the top-half of the doughnut pattern, as 
expected from a monopole. This variation can be attributed to the structure of the ground plane. Since a 
square-shaped ground plane is used instead of a circle, we have four directive beams on the radiation 
pattern of the antenna. 
 




                    
Figure 8  Side-view of the feed 
 
 








Figure 11 Magnitude of S11 of the simulated antenna 
 
3.1.3 Monopole with Large Ground Plane 
The structure of this antenna was similar to the previous one (figure 12), except the ground plane was 
larger. Each side measured four-thirds of a wavelength to ensure that it does not resonate at the 
frequency of interest. Figure 13 shows the three-dimensional polar pattern of the gain and figure 14 
shows the simulated S11 of the monopole. 
 
























Figure 14 Magnitude of S11 of the simulated antenna 
 
When the size of the ground plane was increased, the four directive beams in the gain pattern became 
more pronounced and the pattern deviated even more from the expected monopole gain pattern. On 
















Frequency in GHz 
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3.1.4 Reconfigurable Null Steering Antenna 
As mentioned earlier, the goal is to gauge the ability of an antenna to leverage its gain pattern to avoid 
unintentional receivers. The Friis transmission equation predicts that control over the directive beams 
and null of an antenna add to the unlicensed transmitter’s ability to avoid receivers in a given direction 
and focus energy where its intended receivers are present. Pattern reconfigurable antennas seem to be 
the best choice in such a situation because they can dynamically change their radiation pattern. But in 
an indoor environment where there is a multipath case, a null in a particular direction does not 
necessarily ensure that a receiver in that direction will receive no signal from the transmitting antenna. 
Hence, it is important to investigate whether the pattern reconfigurability is compromised or stays 
intact in an indoor setting.  
 
        
 













































A null steering antenna from [10] was adopted for this project. The HFSS model details are given in 
figure 15. A null steering antenna, as the name suggests, has a null in its radiation pattern and is capable 
of steering that null in various cut planes based on the varactor settings.  The design used here consisted 
of a ground plane topped with a substrate, above which was the antenna patch. This patch comprised 
four rectangles, each divided into two parts connected by three varactors each, as shown in figure 16. 
Biasing the varactors with varying reverse voltages causes the capacitance observed to change, thereby 
modifying the electrical length of the rectangular patch as a function of the bias voltage. If the voltage 
on all but one of the patches is kept constant, an asymmetry is introduced in the structure from an 
electrical length perspective. All four patches no longer appear to be the same electrical length.  This 
asymmetry in the electrical lengths of the patches leads to the null steering ability of this antenna [10].  
Notice the patch numbers allotted to the four patches. If the varactors for patch 1 and 3 are 
asymmetrically biased, then a null steer of Gθ along the y-z plane is obtained. Similarly, when the 
varactors of patch 2 and 4 are biased asymmetrically, it results in a null steer of Gθ along the x-z plane. In 
[10], the antenna was designed for operation at 2.4 GHz, but for this project the frequency of operation 
was changed to 1.7675 GHz, resulting in an increase of the dimensions of the ground plane and the 
patches.  
The ground plane and the antenna patch were modelled as copper with a thickness of 1.4 mils. The 
material used for the substrate was Duroid 5880, which has a relative permittivity of 2.2 and dielectric 
loss tangent of 0.0009. For the varactors, Skyworks SMV 1234-079LF was used, which can take values 
between 1.32 pF and 9.63 pF. Given our band of interest, it is imperative to include the parasitics in the 
lumped components used in the design. The varactors were modelled as series RLC (resistor-inductor-
capacitor), where the parasitic resistance was set to 0.8 Ω and the parasitic inductance was 0.7 nH. The 
HFSS model for the varactor is shown in figure 16.  
Figure 17 is a schematic of the bias network that was simulated in HFSS. Dielectric Laboratories’ 15 pF 
capacitors were used as blocking capacitors in the biasing network to prevent DC from getting shorted 
to the ground. Since the datasheet for the 15pF capacitor could not be located online, the parasitic for 
that was kept at the same value that Yong had used in his antenna in [10]. That is, the capacitor was 
modelled with a parasitic inductance of 0.262 nH connected in series with it. The input for DC power 




             
Figure 16 Rectangular patch and varactor modelled as Lumped RLC 
 
 
Figure 17 Bias network 
For this project, we define a null in the same way as it is defined in [10]. The gain pattern is considered 
to have a null in a given direction if the gain in that direction is 10 dB lower than the maximum gain in 
that particular cut-plane. The performance specification for the antenna in terms of reflected power was 
set to be VSWR (voltage standing wave ratio) less than or equal to two over our band of interest. 
Keeping these two conditions in mind, the goal of the first set of simulations was to determine the most 
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Let the varactor capacitance on patch i be referred to as Ci. To get a null steer in the x-z plane, the 
capacitor value for patch 2, C2, was tuned while keeping C1, C3 and C4 constant at 1.55 pF. After 
performing exhaustive simulations to find which capacitor value would give a variety of deep nulls while 
maintaining a good impedance match, 1.55 pF was chosen as the baseline value for the varactors. Figure 
18 shows the normalized gain in the x-z plane and table 3 summarizes the null tilt details.  
 
Figure 18 X-Z Plane null tilt when C2 is varying and C1=C3=C4=1.55 pF 
 
 Table 3   Null Tilt XZ Plane   
Trace Color C2 (pF) Null Depth (dB) Null Tilt (⁰) Radiation Efficiency (%) 
 1.55 -40.68 0 92.33 
 2.54 -15.20 -1 85.72 
 2.81 -12.03 -5 86.61 
 3.15 -9.98 -19 78.90 
 3.58 -13.03 -39 76.83 




On changing the varactor bias voltage for the varactors for patch 3, the null tilt was observed in the y-z 
plane. This tilt was almost identical to that in the x-z plane for identical varactor capacitance values, as 
can be seen in figure 19 and from table 4. The VSWR for the values of C2 and C3 are plotted on the Smith 
chart in figures 20 and 22 respectively. The S11 values are presented in figures 21 and 23 respectively. 
 
 
Figure 19 Y-Z Plane null tilt when C3 is varying and C1=C2=C4=1.55 pF 
 
 Table 4   Null Tilt YZ Plane   
Trace Color C3 (pF) Null Depth (dB) Null Tilt (⁰) Radiation Efficiency (%) 
 1.55 -40.68 0 92.82 
 2.54 -18.68 -3 87.07 
 2.81 -11.62 -6 85.90 
 3.15 -9.72 -16 79.55 
 3.58 -12.42 -34 77.48 







Figure 20 VSWR from 1.7GHz to 1.8GHz for different C2 values 
 
 

















Frequency in GHz 


























Frequency in GHz 
C3 = 1.55pF C3 = 2.54pF C3 = 2.81pF C3 = 3.15pF C3 = 3.58pF C3 = 4.09pF
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The three-dimensional gain pattern of the antennas for C2=3.15 pF and C2=3.58 pF keeping 
C1=C3=C4=1.55 pF are shown in figures 24-25. Since changing C3 instead of C2 will give similar results, 
those plots have been omitted for brevity. One can easily see the change in the null depth and location 
in going from C2=3.15 pF to C2= 3.58 pF. 
 
Figure 24 Gain of the RNSA for C2=3.15 
                        
Figure 25 Gain of the RNSA for C2=3.58 
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3.2 Two Room Simulation 
Wave propagation in an indoor environment is much more complicated than line-of-sight free space 
propagation because of multiple reflections that lead to a multipath situation. To investigate the 
behavior of the above four antennas in a multipath environment, a simple two room model was 
constructed. This model was designed in HFSS and was imported into Savant as an IGES file. The 
dimensions of the room were as shown in figure 26 and material properties of the building are listed in 
table 5. The material properties were adopted from the material property dataset given in Remcomm’s 
Wireless Insite’s reference manual [11]. For certain materials’ electrical properties the manual and 
software did not agree. For those, values from the software was chosen. Note that figure 26 does not 
show the roof of the rooms, but the roof did exist and was simulated. The rooms are symmetric and 
were modelled such that the room on the left is supposed to house the unlicensed transmitter and the 
one on the right has the licensed transmitter.  
 











 Table 5   Material Properties for the Two-room setup  
Feature  Material Relative permittivity Conductivity 
(mS/m) 
Thickness (mm) 
Exterior Wall Brick 4.4 1 125 
Floor, Ceiling Concrete 7.0 15 300 
Interior Wall 3-Layered Drywall 2.8, 1.0, 2.8 1, 0, 1 13, 89, 13 
Windows Glass 2.4 0 3 
Doors Wood 5.0 0 30 
 
3.2.1 Reference Antenna: Half-Wave Dipole 
Initially the in-built half-wave dipole was used for both the licensed and unlicensed transmitters and the 
electric field distribution was plotted. This gave us an insight into what the field distribution for a dipole 
in a multipath situation looks like. These transmitters were placed in diagonally opposite corners of the 
two rooms. They were 1 m away from the adjacent walls forming the corner. To measure the field 
distribution, approximately 3200 points of observation were chosen over the area of the two rooms. 
These points of observation were located 1.5 m above the floor. It should be noted that the transmitter 
antenna was also placed in the same plane as these points. The transmitters radiated 1 W of power and 
the field at each of the observation points was calculated. The results from these calculations are 
presented in the form of a heat map showing the strength of the electric field at a given point in the 
room. The scale for the color grading of these heat maps for all results is given in figure 27, unless 
specified otherwise.  
The electrical field distributions from the unlicensed dipole and licensed dipole are shown in figure 28-
29.  Since the two rooms are symmetric and so is the radiation pattern of a dipole, one can expect 
symmetric field distribution for symmetric placement of the dipole, as seen in figures 28 and 29. In 
figures 30 and 31, the dipoles have been tilted such that the broadside null is at 45⁰ with the y-axis and 
the x-axis. The effects of the null look more pronounced in this tilted case because, due to the tilt, the 
null was leaning more towards the x-y plane, which was the plane in which the electric field distribution 
was calculated. Hence it can be said that in an indoor scenario, for this particular case, one may still 
leverage the null to send less power in one direction.  
 






Figure 28 Distribution of the electric field emanating from dipole 1 (unlicensed transmitter) 
 
Figure 29 Distribution of the electric field emanating from dipole 2 (licensed transmitter) 
 




Figure 31 Distribution of electric field emancipating from dipole 2 (licensed transmitter) 
 
3.2.2 Monopole with Small Ground Plane 
After the half-wave dipole was observed in the two room simulation setup, the next step was to import 
the near-field and far-field of the antennas simulated in HFSS to Savant. This was done using HFSS-
Savant Datalink. The placement of the monopoles was identical to that of the dipoles; that is, they were 
located 1 m away from each of the walls. Since the goal is to study the ways unlicensed device radiates 
in an indoor setting,, plots for only the unlicensed transmitter will be discussed for the remainder of the 
chapter. To dive further into studying the behaviors of the simulated antennas and expose the role of 
both polarization and antenna gain in an indoor setting, Ex, Ey and Ez were plotted separately. Figures 32-
35 show the total sum of incident and scattered electric field for various electric field polarizations.  
 




Figure 33 Ey emanating from unlicensed transmitter 
 
Figure 34 Ez emanating from unlicensed transmitter 
 
Figure 35 Composite polarization emanating from unlicensed transmitter 
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As expected, the strength of the Ex and Ey components of the electric field was very low and most the 
electric field was in the Ez component because the monopole used was z-polarized. The monopole was 
then tilted the way the dipole was tilted in the previous section and similar field calculations were 
performed. The results are shown in figures 36-39. In terms of polarization, the tilt resulted in stronger 
Ex and Ey components than what was observed in figures 32-33. One may expect this result in a line-of-
sight scenario, but this result was also observed in this particular indoor two room setup. The effect of 
tilt of the null can be studied in the pictures below. While the null seems strong in the individual 
polarization results of Ex and Ey, in the composite polarization result its effects are somewhat subdued. 
The electric field has slight variations caused by the change in polarization and the position of the null 
which resulted in the net change in the field distribution as seen in figure 39. 
 
Figure 36 Ex emanating from the titled unlicensed transmitter 
 




Figure 38 Ez emanating from the tilted unlicensed transmitter 
 
Figure 39 Composite polarization emanating from the tilted unlicensed transmitter 
 
3.2.3 Monopole with Large Ground Plane 
The monopole with large ground plane was analyzed in a similar fashion as was the monopole with small 
ground plane. The difference between the radiation patterns of the two antennas was that the one for 
the monopole with large ground plane had more distinct lobes and was more directive than that for the 
monopole with small ground plane. Figures 40-43 show the results that were obtained after performing 
field calculations in the two room setup. The antenna was then rotated as was done in previous sub-
sections and those results are given in figures 44-47. These results were similar to what was observed 
for the monopole with small ground plane. The polarizations stayed relatively intact in the multipath 
scenario. The tilt did decrease the power around the antenna in the left room, but its effect of that on 




Figure 40 Ex emanating from the unlicensed transmitter 
 
Figure 41 Ey emanating from the unlicensed transmitter 
 




Figure 43 Composite polarization emanating from the unlicensed transmitter 
 
Figure 44 Ex emanating from the tilted unlicensed transmitter 
 





Figure 46 Ex emanating from the tilted unlicensed transmitter 
 
Figure 47 Composite polarization emanating from the tilted unlicensed transmitter 
 
3.2.4 Reconfigurable Null Steering Antenna 
Finally the null steering antenna was put to test. The field distribution from the reconfigurable antenna 
was studied in an identical setting as before except for the orientation of the antenna. Since changing C3 
steers the null in the YZ plane, the antenna was oriented such that the YZ plane of the antenna 
corresponded to the plane of the points of observation. Doing so ensured that the null steered in the 
same plane where field was calculated. To keep the discussion succinct, the fields for only two capacitor 
values were considered. Figures 48-51 show the field distributions from the RNSA when the capacitors 





Figure 48 Ex emanating from RNSA when C3=1.55 pF 
 
Figure 49 Ey emanating from RNSA when C3=1.55 pF 
 




Figure 51 Composite polarization emanating from RNSA when C3=1.55 pF 
For the next set of simulations C3 was set to be 3.58 pF. This value was shown for the simulations 
because from the HFSS simulation it was observed to give high null tilt and an appreciable null depth. 
The location of the antenna was kept the same as in the previous simulation. Hence, any change in the 
field distribution that is observed is due to the reconfigurability of the antenna, that is, its ability to 
change the radiation pattern based on the applied bias voltage. The results are given in figures 52-55. 
Compare the field distribution enclosed within the red box of C3=1.55 pF and C3= 3.58 pF. The null tilt for 
C3=3.58 pF is manifested in the form of reduced field strength along the vertical direction for Ey and Ez 
polarization. In addition, the null for C3= 1.55 pF is deeper than that for C3=3.58 pF, hence lower 
broadside field strength was observed for C3= 1.55 pF than C3=3.58 pF (see figures 51 and 55).  
 




Figure 53 Ey emanating from RNSA when C3=3.58 pF 
 
Figure 54 Ez emanating from RNSA when C3=3.58 pF 
 
Figure 55 Composite polarization emanating from RNSA when C3=3.58 pF 
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The simulation results for the two room setup indicate that even in this indoor scenario, the radiation 
pattern and the polarization mismatch can still be effective tools in reducing the power received from an 
interferer, much like the case with free space line-of-sight propagation. 
3.3 Pseudo-Indoor Simulation Setup 
The two room simulation setup mimicked an indoor environment and gave insights into how the 
antenna parameters change in such a situation. Unfortunately performing such measurements in reality 
is challenging because of the lack of availability of two such rooms, limitations about the knowledge of 
the material used in construction of the rooms and interference from the signals in the ambient 
surrounding. Hence a pseudo-indoor setup was devised which enabled us to perform propagation 
simulations in Savant as well as real life measurement in the anechoic chamber to check for correlation 
between the simulated and the measured results. 
As mentioned in the previous section, the goal of this simulation setup is to analyze how the antenna 
parameters change in an indoor setting, that is, in the presence of scattering objects. An anechoic 
chamber presents an antenna with an isolated free-space propagation environment. Adding 
perturbations in the chamber scatters the field. The effect of the scattering on the power received by 
the receiving antenna is given by the difference between the power received when these perturbations 
were absent and when they were present. 
This leads to the following four scenarios that were simulated in Savant and measured in the anechoic 
chamber: 
 Measuring the coupling between the transmitting and receiving antennas without any 
perturbations 
 Measuring the coupling between the transmitting and receiving antennas with a perturbation 
present near the transmitting antenna 
 Measuring coupling between the transmitting and receiving antennas with a perturbation 
present far from the transmitting antenna 
 Measuring coupling between the transmitting and receiving antennas with multiple 
perturbations present  
In the simulations and measurements, the transmitting antenna was set to be the reconfigurable null 
steering antenna and the receiving antennas were the two monopoles. The monopole with small ground 
plane was treated as the receiver intending to receive signal from a licensed transmitter. We shall refer 
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to this receiver as ‘licensed device receiver’.  Similarly, the monopole with large ground plane will be 
called ‘unlicensed device receiver’ and the RNSA will be the unlicensed transmitter. The ability of the 
RNSA to transmit to one receiver over the other in a perturbation-riddled environment will be tested.  
3.3.1 No Obstructions Present 
This scenario serves as the fundamental case for measuring the effect of perturbations on the null and 
power received. The placement of the antennas was as shown in figure 56. For all simulations and 
measurements discussed, the RNSA and the receivers are placed 55.75 inches and 53.0 inches above the 
floor respectively. The RNSA was oriented such that the monopoles are in its Y-Z plane, which is the 
plane where null steer was expected when changing the bias voltage for patch 3.  
 
Figure 56 Layout of the licensed and unlicensed devices 
Let the initial bias of the varactor be such that C3= 2.81 pF. In this case both the licensed device receiver 
and unlicensed device receiver get comparative power from the RNSA. But, when the varactor is biased 
to have C3=4.09 pF, the null steers reducing power transmitted to the licensed device receiver but 
increasing the power sent to the unlicensed device receiver, which is the intended receiver for the signal 
from the RNSA. The results from the simulation are listed in tables 6 and 7. The power received by the 
monopoles was calculated for two separate orthogonal orientations, vertical and horizontal. This helped 
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us observe the effect of polarization mismatch on the power received. Once this trend was observed in 
the free space propagation setting, the next step was to investigate whether this property of null 
steering and its effectiveness holds in a scattering environment. 
                             Table 6 Unlicensed Device Receiver: Power Received  
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -59.61 -50.51 dB 
Vertical -71.52 dB -59.41 dB 
 
                             Table 7 Licensed Device Receiver: Power Received 
 
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -49.91 dB -47.28 dB 
Vertical -72.48 dB -79.86 dB 
 
3.3.2 Obstruction Present near RNSA 
In this case, an obstruction was placed near the RNSA. This obstruction was modelled as a perfect 
electric conductor and had a shape of two cuboidal boxes stacked on top of each other. The lower box 
was 18 inches in length and breadth while the box at the top had a square footprint with each side 
measuring 16 inches. Both boxes were 24 inches tall and were stacked such that their centers aligned. 
The layout for this setup is given in figure 57. The obstruction was in the same location for the 
unlicensed device receiver as well. The power received for the two devices is given in tables 8 and 9. 
 
Figure 57 Layout for obstruction near the transmitter case 
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               Table 8 Unlicensed Device Receiver: Power Received     
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -60.66 dB -50.10 dB 
Vertical -79.15 dB -59.20 dB 
 
                        Table 9 Licensed Device Receiver: Power Received     
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -49.86 dB -47.17 dB 
Vertical -69.66 dB -78.59 dB 
 
Comparing the values listed in tables 6 and 7 with the values obtained in this case, one can clearly see 
that introducing an obstruction of the given size and at the given location did not affect the power 
reaching the receivers significantly for most cases. In addition, the trend of being able to manipulate the 
radiation pattern to transmit less power towards the licensed device receiver or increase the power 
towards the intended receiver shows up in this scenario as well. 
3.3.3 Obstruction Present Far Away from RNSA 
Since the results obtained in 3.3.2 were similar to those in 3.3.1, the location of the obstruction was 
changed and the power received by the two monopoles was calculated. The layout for this setup was as 
shown in figure 58 and the results are given in tables 10 and 11.The obstruction was at a height of 27.5 
inches above the ground. 
 
Figure 58 Layout for obstruction far away from the transmitter case 
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               Table 10 Unlicensed Device Receiver: Power Received     
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -54.20 dB -51.87 dB 
Vertical -70.81 dB -56.77 dB 
 
                        Table 11 Licensed Device Receiver: Power Received     
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -58.54 dB -45.66 dB 
Vertical -63.44 dB -64.66 dB 
 
Comparing the results indicates that the horizontal component is greater in magnitude than the vertical 
component for both receivers. The power received by the unlicensed receiver is still increasing in going 
from C3=2.81pF to C3=4.09 pF, but the increase is less than in the previous case for both polarizations. 
Considering the licensed device receiver, there is an increase in power observed for the horizontal 
polarization and a decrease in power for vertical polarization in all the three cases presented so far. The 
next step was to increase the number of obstructions from one to two and check if similar trends are 
observed. 
3.3.4 Multiple Obstructions Present 
The layout for the simulation is shown in figure 59 where the two obstructions have been specified. 
 
Figure 59 Layout for multiple obstructions present case 
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Obstruction 1 was same as in sub-section 3.3.3. Obstruction 2 was made up of two boxes stacked one on 
the other with a height offset of 27.5 inches from the floor. The lower box had a footprint of 12 inches 
by 16 inches and a height of 12 inches. The box on the top was 15 inches wide and 12 inches long with a 
height of 10 inches. The two boxes were stacked such that their centers aligned. The power received is 
listed in tables 12 and 13. 
               Table 12 Unlicensed Device Receiver: Power Received     
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -54.41 dB -51.62 dB 
Vertical -69.10 dB -56.67 dB 
 
                        Table 13 Licensed Device Receiver: Power Received     
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -56.87 dB -45.56 dB 
Vertical -63.59 dB -65.86 dB 
 
No appreciable change was observed in going from one obstruction placed far away from the antenna to 
2 obstructions placed in the environment. This could be attributed to the placement of the obstructions 
and their size; Obstruction 2 was smaller than Obstruction 1. Hence, it can be concluded that for the 
setups presented in the four sub-sections there is an increase in power for the unlicensed device 
receiver in going from C3=2.81 pF to C3=4.09 pF. For the licensed device receiver, a decrease in power is 
observed for all the scenarios for vertical polarization but for horizontal polarization an increase was 
observed for the last two cases.  
Overall, Obstruction 1 when placed far away from the transmitting antenna seemed to have a stronger 
effect than when it was placed near the antenna and when another obstruction was introduced. This 
could be attributed to the placement of Obstruction 1 which was along the maximum gain path of the 
transmitter antenna thereby reflecting the power towards the receiver antenna. Hence using null to 
adjust the power sent in a given direction can still be useful in a multipath situation, but its effectiveness 






Three antennas were fabricated and measured for their impedance match and radiation pattern in the 
anechoic chamber. Furthermore, a pseudo-indoor propagation environment was created in the 
anechoic chamber by introducing metallic perturbations. The ability of the null steering antenna to 
maintain the null and use it effectively to avoid radiating power in a particular direction was tested. 
4.1 Fabricated Antennas Measured 
Two monopoles with square ground planes were fabricated. One had each side equal to four-fifths of a 
wavelength and the other had each side equal to four-thirds of a wavelength. Additionally, the null 
steering antenna was also fabricated and measured. This section discusses the design procedure for 
these antennas and presents their performance results. 
4.1.1 Monopole with Small Ground Plane 
The ground plane for this antenna was made of a sheet of copper 0.15 mm thick. A circular hole was 
drilled in the center. On the back side of the ground plane a candlestick SMA connector was soldered 
such that the outer conductor was shorted with the ground plane and the inner conductor stuck out on 
the top side of the ground plane. Finally, a copper wire of length 4.1 cm was soldered to the inner 
conductor to act like the antenna wire. Figure 60 shows the fabricated antenna.  
 
 
Figure 60 Fabricated- monopole with small ground plane 
The S11 of the antenna was measured using a Performance Network Analyzer, see figure 61. The gain 
patterns of the antenna in the x-y, x-z and y-z cut planes are given in figures 62-64 which were 






Figure 61 Magnitude of S11 of the measured monopole 
 
                              






















































                                
Figure 63 Measured gain pattern of the monopole in X –Z plane                            
                                          
Figure 64 Measured gain pattern of the monopole in Y–Z plane 
 
The S11 shows that the antenna had a good impedance match over the band of interest and the gain 






























































4.1.2 Monopole with Large Ground Plane 
The fabrication procedure for the monopole with large ground plane was very similar to that for the 
monopole with small ground plane. Figure 65 shows the fabricated antenna, figure 66 gives the S11 plot 
and figures 67-69 are the gain patterns in the three cut-planes. In this case, similar to the monopole with 
small ground plane, a good impedance match was obtained over the band of interest. The radiation 
patterns were also close to the results obtained from simulations.  
 
Figure 65 Fabricated monopole with large ground plane 
 
 

























                                         
Figure 67 Measured gain pattern of the monopole in the X-Y plane 
 
                                          






























































                                            
Figure 69 Measured gain pattern of the monopole in the Y-Z plane 
4.1.3 Reconfigurable Null Steering Antenna 
The reconfigurable null steering antenna (RNSA) was etched on a Duroid 5880 substrate using a ferric 
chloride bath. The antenna so fabricated was a mirror image of the one simulated, but as mentioned in 
[10], the operating principles do not change because of this. Figure 70 shows the antenna that was used 
for the measurements. 
 
































The S11 of the antenna for various varactor capacitance values is given in figure 71. The normalized 




Figure 71 Measured magnitude of the S11 of the fabricated antenna 
 
                                          















































                                      
Figure 73 Normalized gain Gvert in the X-Z plane of the fabricated antenna 
 
                                       





































































The null tilt was observed in the Y-Z plane as expected. The details of the null tilts are given in table 14. 
The normalized radiation patterns of the antenna for the three cut planes for horizontal polarization are 
given in figures 75-77 and null details are given in table 15. There were clearly some differences 
between the simulated and the fabricated antennas. The null depth of some capacitor values were not 
as deep as expected based on the simulations. The tilt for certain capacitor values did not necessarily 
coincide with the larger tilts expected. This could be attributed to the fact that the fabricated antenna 
had the best match at a frequency slightly higher than the frequency of interest. Hence, the nulls were 
not identical to the nulls obtained from the simulations. 
                    Table 14   Null Tilt YZ Plane 
C3 (pF) Null Depth (dB) Null Tilt (⁰) 
1.55 -14.33 -8 
2.54 -20.00 -10 
2.81 18.64 -7 
3.15 -26.67 -3 
3.58 -22.11 -9 
4.09 -28.95 -11 
 
                                   





































                                 
Figure 76 Normalized gain Ghort in the X-Z plane of the fabricated antenna 
 
                                    





































































                    Table 15   Null Tilt YZ Plane 
C3 (pF) Null Depth (dB) Null Tilt (⁰) 
1.55 -30.0 -7 
2.54 -25.0 -8 
2.81 -22.1 -14 
3.15 -15.9 -11 
3.58 -18.95 -12 
4.09 -15.7 -18 
 
4.2 Pseudo-Indoor Measurement 
Measurement setups identical to the ones given in section 3.3 were put together in the anechoic 
chamber. The results were obtained in the form on S21 measurements between the transmitting RNSA 
and the monopoles. Both monopoles were present in the chamber when the measurements were taken. 
While one was connected to the network analyzer and measured, the other one was terminated with a 
50 Ω load impedance. Since we are interested in the change in power received, S21 measurements can 
be used to capture the essence of null steering; that is, reduction in the power received will be recorded 
as a reduction and S21 and an increase in the power received will show up as an increase in the S21. In 
addition, since Savant assumes that 1W of power is injected in the transmitting antenna and ports are 
appropriately terminated with 50 Ω, the power received value (dBW) in Savant should numerically be 
equal to the S21 (dB) which was measured in the chamber.  The measurement results for the no 
obstruction case are given in tables 16 and 17. The results for this case will serve as a baseline for the 
remaining three cases to help understand the effect of the obstructions on the S21.  
                             Table 16 Unlicensed Device Receiver: Power Received  
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -55.46 dB -50.60 dB 
Vertical -58.14 dB -57.21 dB 
 
                             Table 17 Licensed Device Receiver: Power Received  
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -57.04 dB -65.47 dB 
Vertical -70.73 dB -77.59 dB 
 
An increase in S21 for the unlicensed device receiver was observed and a reduction in S21 was seen for 
the licensed device receiver in going from C3=2.81 pF to C3=4.09 pF, which was the desired result. Next, 
obstructions were introduced in the chamber. The measurement results for the obstruction near the 
RNSA case are given in tables 18 and 19. Despite the presence of the obstruction, an increase in the S21 
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for the unlicensed device receiver and reduction in S21 for the licensed device receiver were observed 
when C3 was changed from 2.81 pF to 4.09 pF 
                             Table 18 Unlicensed Device Receiver: Power Received  
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -54.89 dB -50.64 dB 
Vertical -58.08 dB -57.95 dB 
 
                             Table 19 Licensed Device Receiver: Power Received  
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -57.45 dB -64.89 dB 
Vertical -68.14 dB -77.24 dB 
 
The obstruction was moved far away from the transmitting RNSA and similar measurements were 
performed. The results from these measurements are given in tables 20 and 21.  
                             Table 20 Unlicensed Device Receiver: Power Received  
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -53.45 dB -50.08 dB 
Vertical -54.12 dB -52.78 dB 
 
                             Table 21 Licensed Device Receiver: Power Received  
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -49.13 dB -53.09 dB 
Vertical -61.50 dB -65.30 dB 
 
Once again, an increase in the S21 for the unlicensed device receiver and a decrease for the licensed 
device receiver were observed. Differences between the measured and simulated data could be 
attributed to the fact that the antenna that was fabricated and used as the RNSA does not necessarily 
have the exact same radiation pattern as the one that was simulated.  Lastly, the second obstruction 
was also placed inside the chamber, and S21 between the transmitter and receiver antennas was 
measured. The results are summarized in tables 22 and 23. 
                             Table 22 Unlicensed Device Receiver: Power Received  
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -53.67 dB -50.41 dB 




                             Table 23 Licensed Device Receiver: Power Received  
Polarization Capacitance= 2.81 pF Capacitance= 4.09 pF 
Horizontal -48.88 dB -52.70 dB 
Vertical -62.01 dB -65.75 dB 
 
A pattern similar to those observed earlier holds with respect to the increase and decrease in the 
measured value of S21. It must be noted that even though there was a reduction in the S21 between the 
unlicensed transmitter and licensed device receiver, the change in the values went from 8.3 dB (vertical 
polarization) and 7.44 dB (horizontal polarization) when there were no obstructions present to 3.74 dB 
(vertical polarization) and 3.82 dB (horizontal polarization) when there were multiple obstruction 
present. Hence it can be concluded that null steering may be used to reduce the power sent to a 
licensed device receiver provided its location is known. The effect of this null might be subdued because 
of multipath. Looking at the polarizations, it is evident that more power was received by the monopoles 
when they were rotated by 90⁰ to measure the horizontal power impinging on the receivers. Hence, 
creating a polarization mismatch between the unlicensed transmitter and licensed device receiver and 
simultaneously using null steering abilities of an antenna can prove to be very effective in mitigating 














With the advance of technology and the wide variety of wireless devices that have found their way into 
our lives, it has become imperative to ensure the frequency spectrum is used judiciously. While 
spectrum sharing is a promising solution, it comes with its own challenges which may be in the form of 
interference. An antenna’s parameters such as pattern reconfigurability and polarization were studied 
from the point of view of reducing interference in an indoor setting. Two monopoles and a 
reconfigurable null steering antenna were analyzed to gauge the effect of multipath on the null steering 
abilities of the antenna.  
The results obtained from this experiment showed that in an indoor setting multipath can have a strong 
effect on the amount of power received by an antenna from the transmitter. At the same time, it was 
also observed that the null steering was still a helpful tool in reducing power transmitted in a given 
direction. Furthermore, a strong effect of polarization mismatch between the transmitter and the 
receiver was observed for most of the configurations that were tried for indoor simulation setting. 
Combining these two factors, polarization mismatch and null steering, together may lead to even better 
isolation between the unlicensed transmitter and licensed device receiver. 
As a part of future work, similar experiments can be performed in a more realistic operating 
environment, that is, simulating and measuring the effect the pattern reconfigurability of the antenna in   
an office building or house with multiple floors. In addition, it will be helpful to see the effects of null 
steering and check for its effects on analog and digital signals by measuring the signal-to-noise ratio and 
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